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Incipient motion and scour caused by a circular cylindrical pile
are studied using a two-dimensional wave flume and natural sands.
Through dimensional analysis the influential parameters are developed
and the data collected are studied to determine the functional rela-
tionships between the parameters. The primary objective of the study
was to determine the parameters that control ultimate scour depth and
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The primary objective of this research was to study the effects
of scour around a circular pile caused by oscillatory motion. The
study was begun by observing incipient motion which is the beginning
of any scour phenomena and concluded with the studies on scour.
Incipient motion and scour have been studied extensively with
regard to open channel flow but it has only been in the last two
decades that research has been carried out on these subjects in
oscillatory motion. It is extremely difficult to formulate mathe-
matical equations that represent accurately the phenomena of incipient
motion and as yet no one has been able to formulate equations that
will govern incipient motion in every case. The data obtained for
incipient motion in this study was compared with the results ob-
tained by others and no attempt will be made at describing the motion
mathematically.
The remainder of the research was concentrated on studying by
experiment in a uni-directional two-dimensional flow the scour around
a circular pile and the ultimate depth reached by the scour. The
experiments were conducted using one pile of 1.5 inch diameter and
three natural sands. Two water depths of 1.25 ft. and 0.666 ft. and
"The citations on the following pages follow the style of the
Journal of the Hydraulics Division , Proceedings of the American
Society of Civil Engineers."

three waves of different characteristics were used in the experimen-
tation. An attempt was made at correlating the scour patterns ob-
tained and the vortex flow around the cylinder. The study will be






It becomes obvious when reading papers on incipient motion that
there is no single universally excepted definition for incipient mo-
tion. Because of this it is sometimes difficult to compare the results
obtained by various authors. For the purposes of this study the defi-
nition put forth by Eagleson and Dean, (8) is best suited and will be
used. They defined incipient motion as "an instantaneous condition
reached when the resultant of all the active forces on the particle in-
tersects the line connecting the bed particle contact points." The
term "active" means all the forces due to water particle motion and
gravity.
Review of Previous Work
Incipient motion has been studied as far back as 1753 when Brahms








U = critical velocity necessary to cause incipient motion,
W = submerged weight of the particle, and
K = coefficient.

The equation was not used extensively mainly because of the difficulty
in evaluating the constant which is a function of numerous variables.
In 1816, L. G. du Buat (15) presented a listing of pick up velocities
for various types of granular materials. The majority of the research
conducted up until the 1950 's was concentrated in open channel flow.
However in 1946, Bagnold (3) paved the way for the study of incipient
motion in oscillatory flow. An excellent review of the literature on
sediment transport and incipient motion is presented byAbou-Seida (1)
.
The first major work on incipient motion caused by oscillatory
motion was done in 1954 by Li (10) . Using an oscillating bed in a
still fluid, Li investigated the boundary layer caused by oscillatory
motion. He found that the transition from laminar to turbulent bound-
ary layer occurred at a Reynolds number of 800 for a hydrodynamically
smooth boundary and that the Reynolds number for the transition point
was a function of roughness. Vincent (24) conducted a similar study;
however, he used a wave flume so as to more naturally duplicate the
conditions found in nature. From his studies, he found that the
Reynolds number for the laminar to turbulent transition point of a
smooth boundary was much less than that reported by Li. In both
studies, Reynolds' number was defined as
where
Np = d. HT (2)
V V
go = angular velocity of oscillation,
\) = kinematic viscosity, and
d, = max. amplitude of horizontal displacement at the
bottom.

Using a first order wave theory approximation
d, " 2/ S-^-r- ) (3)
^'Ud
where
H = wave height,
h = still water depth, and
L = wave length.
Vincent also concluded that the transition point was a function of
roughness and would vary depending on the characteristics of the bed
material. The discrepancy between the results of the two investi-
gators can most probably be attributed to the differences in experi-
mental set up. It is felt that the results obtained by Vincent are
more correct as they more nearly duplicate nature.
Eagelson and Dean (8) continuing work initiated by Ippen and
Eagleson (12) made a rigorous mathematical analyses of incipient
motion and sediment transport and presented equations for both. Their
equation for the velocity necessary for incipient motion to occur is
H^)u2 = 4/1-fi
where
U = free stream velocity just above the boundary layer,
g = acceleration of gravity,
d = mean sediment particle diameter,
C = coefficient of drag,
S = specific gravity of sand,

S = specific gravity of water, and
<J>
= angle of repose of the sediment.
Several other authors have presented equations for incipient
motion notably Goddet (19), Ko (14), Vincent (24), and Chepil (5).
All of the equations presented are accurate within certain limits
but none of them will predict the exact occurrence of incipient mo-
tion. This is primarily due to the inability to evaluate the co-
efficients of drag and lift and the influences of the angle of repose,
and bed particle geometry.
Raudkivi (19) presents a very good discussion of these problems.
He points out that when the boundary layer thickness is approximately
5 or more times the surface roughness the flow around the individual
exposed particles is laminar, eddies will not be shed and therefore
the force being exerted on the particles will be fairly uniform across
the bed. However when the boundary thickness becomes approximately
less than the surface roughness dimension, the flow past the particles
will be turbulent and eddies will be shed. The most exposed bed
particles will form wakes and thus the hydrodynamic forces being
exerted on the bed particles will be concentrated on the uppermost
particles. Thus incipient motion can occur on a particular particle
earlier than would be predicted by one of the equations for incipient
motion. Coleman (6) recently has developed relationships between the
drag coefficient C , the lift factor, K, which is similar to the lift
coefficient C
,
and the Reynolds number. His results appear to have
considerable merit. His equations, although for steady state

conditions, do give a representation for the lift on a bed particle.
Using steel and plastic spheres and varying the viscosity of the
liquid he was able to obtain data over a broad spectrum. Analyzing




f = measured drag force,
Ay = differential of weight density between the particle
and a fluid, and
d = particle diameter
and plotting it against Reynolds number, N (see Fig. 1), he found
that the data for both the steel and plastic spheres plotted on the
same curve. He has concluded that all other materials should also
plot on approximately the same curve. The functional dependency be-
tween the lift factor K, the drag coefficient C , the Reynolds number
N and the relative boundary layer thickness, d/6, are readily appar-
R
ent by observing Fig. 2. Examining Fig. 2, it can be seen that when
the boundary layer thickness, 6, is larger than the mean bed particle
diameter there is negative lift on the particle and when the boundary
layer shrinks to a thickness less than the mean particle diameter
the lift factor becomes positive and there exists a force trying to
lift the bed particle into suspension.
Reference (22) presents an excellent discussion on incipient
















authors. In general the committee on sedimentation has found many
inconsistencies in critical velocities necessary for incipient motion
and have concluded that when studying incipient motion critical shear
stresses should be the governing parameter instead of critical
velocities. Reference (22) also presents equations for incipient
motion from various authors.
SCOUR
Very little experiment work has been done on scour due to oscil-
latory wave motion, however there exists a wealth of knowledge on
scour in open channel flow. Since the forces that cause scour are
virtually the same for oscillatory flow as for open channel (steady
state) flow, that is, hydrodynamic in nature, the knowledge gained
from experiments in open channel flow can be applied with reserva-
tions to oscillatory motion. The majority of the work done on scour
in oscillatory motion has been concerned primarily with scour of
beaches and littoral sediment transport.
Murphy (17), Van Weele (23) and Ko (14) studied scour in front
of seawalls of various angles, and their results are summarized by
Herbich et ale (9). They found that the ultimate depth of scour is
a function of wave characteristics as well as the number of waves
passing a given point where scour occurs and scour approaches its
maximum value asymptotically after initially increasing very rapidly.
Roper, Schneider and Shen (20) have shown that for steady state con-
ditions in open channel flow the depth of scour is a function of the
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U = horizontal free stream velocity,




:her shown that the scour is influenced by the typi
(6)
vortex system caused by the pier. For a circular pile a horseshoe
vortex system is most generally formed. The vortex system gets its
name from the physical similarities between it and a horseshoe. Slugs
of bed particles have been observed to be scoured from around a pile
when the vortex is periodically shed. For nonsteady state condi-
tions (oscillatory motion) this horseshoe vortex system may not have
time to build up to such an intensity that it is shed and therefore
the vortex system formed by oscillatory wave motion may not influence
the scour.
The influence of the bed particle size on scour is not generally
known, however studies conducted by Roper, Schneider and Shen (20)
show that when the bed particle size is greater than 0.52 millimeter,
the particle size influences scour depth and when the particle size
is less than 0.52 millimeter scour depth is independent of particle
size. Studies conducted by Richardson, Zaki, and Bagnold and re-
ported by Raudkivi (19) have shown that the concentration, C, equal
to the ratio of grain occupied space to whole space has an influence
on the drag coefficient and thereby could influence scour depth.
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Carstens (4) in a report on scour has made extensive studies of
the scour associated with different types of obstacles. From his
study he has shown that the rate of scour caused by an object in the
flow path is a function of the sediment number N , sediment grain
geometry, and the ratio of the scour depth to the obstacle size. The
sediment number is defined as
N -—B (7)
i (ss-i) g d
where
U = free stream velocity,
S = specific gravity of sediment,
g = acceleration of gravity, and
d = mean sediment particle diameter.
His studies were primarily conducted in steady flow. He presents
equations for the ultimate scour depth associated with a vertical
cylinder obstacle and for the relative scour depth as a function of
the sediment number, however all his equations are based on the sup-
position that the scour hole formed will have the appearance and form
of an inverted frustum of a right circular cone having a base diameter
equal to the pile diameter and a side slope equal to the angle of
repose.
To mathematically describe scour in oscillatory flow is ex-
tremely difficult. The parameters involved that influence scour are





The forces that influence or cause motion of bed particles,
whether it be at the initial stages of motion (incipient) or well
into defined scour are hydrodynamic. The water particle motions,
velocities and accelerations, and the forces they in turn produce
will be calculated using Stokes third order wave theory. This theory
was chosen to be used after studying papers by Dean (7) and Le Mehaute^
Divoky and Lin (16) and comparing the wave characteristics with the
results published by the aforementioned authors.
STOKES THIRD ORDER WAVE THEORY
To present a complete discussion of his theory is beyond the
scope of this report and only the pertinent equations related to this
study will be presented. A complete discussion of Stokes theory can
be found in Wiegel (25), Ippen (11) and others.
Stokes theory is an infinite series solution obtained by ex-
panding the velocity potential about the still water line. It merely
includes more terms in the series solution than does the Airy theory
which uses only the first term of the series. Stokes theory can be
expanded into any order theory but the third and fifth order theories
are the most stable.
A close inspection of the equations of the third order theory
shows that all the equations contain repeating constants and that the
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theory can be somewhat simplified by tabulating these constants for
various values of wave characteristics. This has been done by
Skjelbireia (21).
The repeating functions associated with the wave profile as
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where
a = wave amplitude,
L = wave length,
h = still water depth, and
where
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Wave Characteristics
The wave length, wave velocity and wave profile for Stokes third
order theory are given by the following equations respectively:
2 4TTh
, , tn \2 14 + 4 cosh —7— I
L
[_
V L I 16 sinh4^ J
L = gi tanh
C = I (17)
J - Ax Cos 6 + A2 Cos 29 + A3 Cos 36 (18)
In the equations
T wave period,
C = wave celerity,
y = instantaneous wave amplitude, and
= phase angle of wave.
Particle Velocity
The horizontal water particle velocity is defined by the equa-
tion
2ttS 4-itS, 6ttS,




and the vertical water particle velocity is defined by the equation
2ttS, 47TS,
— = F n sinh —- sin + F„ sinh —; sin 29
c 1 L 2 L
6ttS,
+ F sinh —— sin 38 (20)
where u = instantaneous horizontal water particle velocity,
v = instantaneous vertical water particle velocity, and
S, = distance from the bed to the water particle in question.
HYDRODYNAMIC FORCES
The forces influencing bed particle motion are hydrodynamic and
consist of the forces of drag, lift , and inertia. However since the
3force due to inertia is a function of d whereas the force due to
2
drag is a function of d and because inertia forces will never pre-
dominate due to the small particle size, the force of inertia will be
neglected. The total hydrodynamic force will therefore be the combi-
nation of the lift force and the drag force. The hydrodynamic forces
are opposed by the force of gravity and influenced by bed particle
geometry.
Drag
In an ideal fluid, that is one having no viscosity and the flow
being irrotational, the flow around an object will be as shown in
Fig. 4a and the drag force on the object will be zero. However,





FIG. 4. FLOW AROUND A SPHERE
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and boundary layer effects a separation of flow occurs on the boundary
of the object and a wake is formed (Fig. 4b). The point of separa-
tion is a function of the shape of the object and the local Reynolds
number. The drag force is the combination of the form drag due to
pressure differential and the viscous drag due to skin function. The
point through which the drag force acts is not necessarily the center
of gravity of the bed particle but depends on the relative magnitude
of the lift and drag force components which are functions of bed
particle geometry, location and local Reynolds number. The steady
force due to drag as developed in any elementary fluid mechanics text






-j p A IT (21)
where
A = projected area of object normal to flow direction
CL = drag coefficient
Since drag is a viscous phenomena, the coefficient of drag is pri-
marily influenced by Reynolds number. The drag coefficient for
spheres has been studied by various authors under steady state condi-
tions by letting the spheres free fall in a liquid in a large circular
cylinder. Under steady state conditions the fall velocity is called
the terminal velocity and the drag on the particle is equal to the
submerged weight * Therefore for a sphere




V = fall velocity at steady state conditions,
Ps = density of the sediment, and
P
= density of the fluid.
Alger and Simons (2) studied the fall velocity for irregular shaped








Corey shape factor -
/ab"
C = minimum dimension of particle
a = maximum dimension of particle
b = intermediate dimension of particle
d
A
= diameter of a sphere having the same surface area as that of
the particle
d = diameter of a sphere which has the same volume as that of
n the particle.
Plotting C versus Reynolds number they found that as the shape
factor increased the value of C increased for a constant Reynolds
number. It was also found that an increase of the shape parameter
indicates a decrease in the sliding-tipping motion and an increase in
particle rotation. As reported by Eagleson and Dean (8), Carty
studied the drag coefficient for various size spheres falling in an
infinite fluid and rolling on an inclined plane. Eagleson and Dean
(8) corrected Carty' s data to take into account the effect of non-
uniform free stream velocity and a plot of these data can be found in
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reference (8) . Because of the nonuniform shapes of sand grains and
their angularity there will be a variance from the theoretical values
of C for a sphere. Coleman (6) found in experiments where the
forces were measured electronically and Cn was calculated for spheres
of plastic and steel that the data had considerable scatter but
tended to group around the theoretical curve of Cn versus N forIJ R
fall velocity.
The drag coefficient therefore is not simply related to Reynolds
number but is a function of Reynolds number, particle geometry, and
is also influenced to some unknown extent by adjacent particles
causing anomalies in the flow patterns.
Lift
The relationship for the force due to lift is similar to that for






"T P A U (24)
where
C = coefficient of lift
A = projected area perpendicular to flow direction.
The lift force is the resultant due to the pressure differential
above and below the particle. The pressure differential is caused
when the fluid velocity is increased as it passes over the top of the
particle thereby decreasing the pressure and since the pressure below
the particle remains fairly static there is a pressure differential
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or lift force. A significant number of the studies conducted on
forces related to particle movement has neglected the lift force
however the proof that it does exist and is significant has been
reported (6) (22).
The coefficient of lift has not been studied as extensively as
the coefficient of drag primarily due to the difficulty in evaluating
it. Coleman's (6) work appears to give the best indications of its
value.
GRAVITY
The hydrodynamic forces are opposed by the weight of the particle,
friction and the intergranular reactions. The friction and inter-
granular reaction are difficult to evaluate but the gravity force can
be represented by the equation
F
g =T<^- V <25)
where
Y = specific weight of the sand, and
Y f
= specific weight of the fluid.
MECHANICS OF MOTION
It is very difficult to study the motion of sand grains pri-
marily due to their varying sizes, angularity, and distribution in a
bed. Therefore the problem must be simplified. This can be done by
considering the sand grains to be spheres of uniform size. Referring
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to Figs. 5 and 6 it can be seen that the total hydrodynamic force,
F
,
is the combination of the lift and drag force. Referring to
Fig. 2 it can be seen that the lift factor K and consequently the
lift force will be negative for Reynolds number less than approxi-
mately 100. It is therefore possible for the particle to be pushed
into the bed rather than be lifted out or rolled along it.
For motion to occur the sum of the moments about point R must
be zero or in other words, F times its moment arm, d, must equal
F times its moment arm, dsin 9. When this condition exists incipient
motion can occur.
In Fig. 6 the total hydrodynamic force is shown acting through
the center of gravity of the particle. This will not always be true
and the point through which the force will act will depend on whether
the flow around the particle is laminar or turbulent. However, for
this study with shallow water waves the flow will be parallel to the
bed and therefore the force, F
,
can be considered to act through the
center of gravity.
The velocity, U, used in evaluating the results of these experi-
ments will be the maximum water particle velocity that occurs at the
bed and is the velocity associated with the wave crest for shallow
water waves. Some authors include the entrainment velocity but that
will not be done in these experiments.
FLOW AROUND THE PILE AND ITS RELATIONSHIP TO SCOUR
Any obstacle inserted into the region of a flowing medium will
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cause the flow to be diverted around the obstacle. Depending on the
shape of the obstacle, type of flow, and local Reynolds number, the
flow velocity will increase as the flow deflects around the obstacle
with a consequential reduction of pressure. Depending on surface
roughness on the boundary, local Reynolds number and boundary layer
thickness the flow can separate from the boundary causing a wake to
occur behind the pile.
From potential flow theory, it can be shown that for flow around
a cylinder the velocity of the flow at the points on the cylinder
ninety degrees from the initial direction of flow will be twice the
initial velocity of flow. In oscillatory flow where the direction of
flow is changing periodically, the separation condition might not
occur unless the distance the water particle moves is several pile
diameters long. Also because of the periodic direction changes of the
flow it is doubtful that the velocity of flow at the ninety degree
points will be twice the initial velocity. From observations it is
felt that if the distance the water particle moves is approximately
five or more pile diameters then separation should occur and eddies
should form and be shed periodically from the pile.
In studies conducted by Roper, Schneider, and Shen (20), it was
shown that the vortex system formed by flow around an obstacle was
related to the shape and size of the obstacle. They concluded that
the eddy structure formed is the basic mechanism of scour and that




where N = — and (26)
Kr V
D = pile diameter, and
v = kinematic viscosity.
Because of the difficulty in evaluating the parameters that in-
fluence scour and the ultimate scour depth, no formulation of mathe-
matical equations will be attempted. However the interrelationships
and interdependency of the parameters influencing scour will be






The following are considered to be the significant variables in-
fluencing incipient motion:
Variable
h Still water depth
H Wave height
T Wave period
y Viscosity of water
g Acceleration due to gravity
p Density of water
p Density of sand
s
d Mean diameter of sand particle
(50% finer)
<J)


























Employing the Buckingham pi theorem, the repeating variables
selected are p, h, and T. The Mass-Length-Time (MLT) system was
selected to be used. Nine variables and three dimensions result in
six pi terms.
Formulating and solving the equations results in the six dimen-















Rearranging and combining the terms results in the functional
equation
< • !• -3- S K - p)) ° (27)
gT
Since these experiments will use sand as a bed material the
density of sand p will not change; also the density and viscosity of
S
h2
water will remain constant. Therefore the parameter — (p - p) will
9
yl s
be fairly constant and will vary as — varies. Since h and T are
h h2included in the —r parameter the —=-(p • - p) parameter can be dropped
gT
Z yi S
as it is not significant. Also it is doubtful that the angle of re-
pose will be a significant parameter in these experiments; therefore
it will be discarded. That leaves the functional relationship
i -* H?. !> < 28 >gT
which is to say that for incipient motion the relative particle size
is a function of relative depth and relative wave height.
SCOUR
The variables considered to be significant for scour contain




the additional variables listed below.
Variables Units Dimension
D Pile diameter ft L
U Free stream velocity ft/sec L/T
S Ultimate significant scour
U depth ft L
t Elapsed time sees T
The variable U although not independent o:f those listed above
was included so that the parameter N could tr
s
>e defined in its normal-
ly accepted form.
Using the Buckingham pi theorem with thirteen variables and
three dimensions results in ten pi terms. Selecting H, U, and u as
repeating variables and formulating and solving the equations results
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Therefore the functional relationship for scour is





EXPERIMENTAL APPARATUS AND EQUIPMENT
The experiments on incipient motion and scour were conducted
using the 120 foot long, 3 foot deep and 2 foot wide two dimensional
wind-wave channel,, A false bottom 6 inches deep and 16 feet long
was constructed in the channel. At each end of the 16 foot false
bottom was a gradual slope to bring the wave up to the new depth at
the top of the false bottom. The 16 foot false bottom was split into
three sections, two 6 foot sections at each end with 4 feet of the
test sand in the center between the 6 foot sections. The 1-1/2 inch
diameter steel pile was placed in the center of the 4 foot sand test
section and anchored to an aluminum frame above the wave tank that
keeps the pile vertical and stable.
Fig. 7 shows the test facility schematically. There is a wave
filter constructed of screen wire with 1/2 inch openings located
approximately 20 feet in front of the forward edge of the test ap-
paratus to smooth out irregularities in the generated waves.
Scour depth measurements were made using a depth probe that was
attached to a device that could be rotated around the pile 360 de-
grees and extended up to 8 inches from the outer edge of the pile.
The rotating ring was marked in degrees and the extended arm was
marked in inches so that any scour measurement could be identified
in polar coordinates.




















the number of waves generated could be determined.
The wave generator is an oscillating pendulum type whose stroke
and consequently wave height can be varied by adjusting the excentri-
city of the paddle arm on the flywheel. The period is varied through
a variable rheostat that controls the speed of the flywheel. The
rocker arms can be varied so as to vary the wave from a deep water
wave to a shallow water wave. Wave heights and periods were measured
by a capacitance wave gage connected to a Hewlett-Packard Dual Channel
Carrier Amplifier recorder (Model No. 321).
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FIG. 8. WAVE GENERATOR
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FIG. 9. HEWLETT-PACKARD DUAL CHANNEL RECORDER
FIG. 10. TEST FACILITY
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Three sands were selected for use in the experiments. The sands
were all standard Ottawa sands that are produced with a controlled
size distribution. Each sand was subjected to a standard ASTM sieve
analysis using sieve sizes 20, 30, 40, 50, 80, 100 and 200. A plot of
the distribution of each sand is shown in Figs. 12, 13 and 14. The
mean particle diameter (50% finer) for each sand was found from the
sieve analysis. Twenty to thirty sand grains for each sand were
collected as close to the mean diameter as possible and these grains
were weighted and the average weight per sand grain tabulated.
Table 1 shows the sieve analysis data for the three experimental
sands.
FALL VELOCITY
Fall velocity experiments were run to determine the Cn values for
each sand. Although Cn was not used in evaluating incipient motion or
scour, it was felt that the experiments would be worthwhile. Two ex-
periments were conducted using mean diameter sand grains for each of
the three sands. The sand grains were allowed to fall in an 8 ft
long and 8 inch diameter cylindrical plexiglass cylinder filled with
water. The grains were allowed to free fall over measured distances

TABLE 1.- EXPERIMENTAL SAND CHARACTERISTICS
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Mean grain Density
diameter, Average weight in grams
Test Manufacture d in per grain per cubic
Sand trade name millimeters in grams centimeter
(1) (2) (3) (4) (5)
1 Sawing sand 0.62 2.314 x 10
-4
2.67
2 Crystal sand 0.325 1.310 x 10"4 2.66
3 Bond sand 0.30 6.854 x 10"5 2.665
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of 2 foot, 4 foot, and 6 foot and the time of fall was measured using
a mechanical clock. The terminal velocity for each fall was calcu-
lated and all the values for each sand were averaged together to ob-
tain the mean terminal velocity. Table 2 shows the mean C values
and terminal velocities. Fig. 15 is a plot of all the runs for each
sand as compared with the theoretical curve for free fall for a
sphere. As can be seen from Fig. 15 the Cn values for each sand lie
somewhat above the theoretical curve as can be expected as based on
Alger and Simons (2) work.
The angle of repose <|> for each of the three sands was measured
by pouring each sand into a square container of water and allowing
the sand to reach a stable slope whose angle was measured. The angle
of the slope formed by the sand is the angle of repose.
INCIPIENT MOTION
As defined previously, incipient motion is that point in time
when the hydrodynamic forces are just balanced by the gravity and
friction forces so that the sand grain can just tip out of its posi-
tion of rest. Prior to the start of each incipient motion run, the
sand bed was leveled. The wave generator, set for a particular wave
height and period, was started and the sand along the boundary of the
pile was observed. The wave period was adjusted until several sand
grains were observed to tip out of their position of rest and the wave
characteristics were then recorded for that run. The wave period was
then further adjusted to attempt to observe incipient motion on the
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(1) (2) (3) (4)
1 0.62 0.2418 2.704
2 0.325 0.2096 2.738

























bed far enough away from the pile so that the pile had no influence on
the sand grains. These experiments were run for all three sands at
depths of 15 inches and 8 inches and for approximately fifteen runs
per sand. Several paddle positions were used in making the runs in
order to observe incipient motion for intermediate and shallow water
waves. The bottom water particle velocity for each run was calculated
using Stokes third order wave theory. The incipient motion data are
tabulated in Appendix I.
SCOUR
For the experiments on scour, three experimental waves were
selected of varying characteristics and two depths of water, 8 and 15
inches were used. The average characteristics for each experimental
wave at each depth are shown in Table 3. Runs were made for each sand
at each depth for each wave for a total of 18 runs. At the start of
each run the sand bed was leveled and measurements were made to ascer-
tain the level of the bed.
The wave generator adjusted for a particular experimental wave
was then started and the wave period and height were recorded.
Measurements of scour depth were made after each 200, 400, 800, 1200,
2000, 3000, etc. waves until there appeared to be no increase in scour
depth after two successive measurements. This procedure was adjusted
occasionally when it was felt that the run should be continued to
observe scour pattern changes although there was no increase in scour
depth. The scour depth measurements were made on a random basis,

TABLE 3.- EXPERIMENTAL WAVE CHARACTERISTICS
47
Average Average Average Wave
wave wave wave Relative steep-
Depth, height, period, length, depth ness
Test h in H, in T, in L, in h H
wave feet feet seconds feet L L
(1) (2) (3) (4) (5) (6) (7)
1
1.25 0.16 3.8 24.74 0.0506 .00647
0.666 0.19 3.8 20.01 0.0333 .00950
2
1.25 .187 3.08 19.42 0.0644 .00963
0.666 .13 3.08 15.14 0.0440 .00858
3
1.25 .275 1.875 10.85 0.1152 .02530
0.666 .22 1.875 9.23 0.0721 .02380
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measuring the deepest scour holes and trying to use the same holes
for each measurement as a control basis. This could not always be
done because when ripples formed on the bed a scour hole would
occasionally be filled in„ The relative significant scour depth and
the relative ultimate significant scour depth were calculated by
averaging the scour depths for the deepest one-third scour measure-
ments and the latter being divided by the wave height „ For each
sequence point in a particular run, a collection of at least six data
points was attempted but occasionally this could not be done due to
the lack of scour holes. For each data point, the angle, distance
from the pile and scour depth were recorded. At the completion of
each run a number of data points were taken so as to be able to con-
struct a contour map of the scour pattern. The data for the scour




PRESENTATION AND DISCUSSION OF RESULTS
INCIPIENT MOTION
The occurrence of incipient motion was observed at the pile and
on the bed so that an attempt of calculating the differences in the
velocities between the two runs could be made and compared with the
theoretical potential flow difference of two. Table 4 shows a com-
parison of the velocities and shows a mean velocity ratio of 1.691
The surface of the pile might be considered to be hydraulically rough
since the paint blistered after being exposed to the water environ-
ment for several days. It is felt that the velocity ratio would not
be 2.0 in the case of non-ideal fluids and non-steady state conditions;
however, it is surprising to find the ratio as low as was calculated.
Further experimentation should be done for various pile sizes and
various roughnesses before any conclusions can be made as to what the
velocity ratio will be and how it is influenced by roughness and pile
size.
From the dimensional analysis results in Chapter IV it was
assumed that incipient motion was a function of the relative depth,
the relative wave height and the dimensionless particle size These
parameters were plotted on a log-log plot and are shown in Fig. 16 for
incipient motion occurring at the pile boundary and Fig. 17 for in-
cipient motion occurring on the bed. Referring to Fig. 16 it can be







at pile on bed
velocity velocity Ratio Mean
Run Sand in feet in feet of velocity
number number per second per second velocities ratio
(1) (2) (3) (4) (5) (6)
3 1 0.262 1.71
3A 1 0.449
4 1 0.279 1.39
4A 1 0.388 1.653
9 1 0.246 1.56
9A 1 0.384
10 1 0.255 1.945
10A 1 0.4965
3 2 0.24 1.49
3A 2 0.357
4 2 0.291 1.61
4A 2 0.467 1.594
5 2 0.269 1.625
5A 2 0.437
8 2 0.269 1.47
8A 2 0.396
10 2 0.269 1.18
10A 2 0.317
8 3 0.207 2.03
8A 3 0.421 1.827
9 3 0.269 1.625
9A 3 0.438
The velocity ratio for potential flow theory is 2.0.
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seen that incipient motion appears to be influenced only slightly by
H
h
the parameter — and appears to be directly related by the parameters
—
- and T-. However, in the case of incipient motion on the bed it
gT
H h
appears to be independent of 7- and —-r. Considerably more data
collection will be necessary before any conclusion can be drawn re-
garding incipient motion on a pile boundary except to say that the
initiation of motion appears to a function of the relative depth and
dimensionless particle size,. This, of course, is only true for sands
since these experiments did not investigate non-cohesive materials of
other specific gravities.
Reference (22) presents a collection of data regarding the in-
cipient velocities for various materials for steady state conditions.
A plot of these data along with the velocities calculated for in-
cipient motion on the bed for the three experimental sands is shown
in Fig. 18. As can be seen from the graph, the incipient velocities
for the three sands fall on the lower boundary and below the region
of data presented by reference (22) . The reason for the lower values
is not known except to say that for oscillatory motion, incipient
motion appears to occur at a lower velocity. However, as pointed out
by Vanoni (22) in his discussion of the incipient velocity data, the
curve for Shields (1936) data gave substantially higher incipient
velocities than did that of Mavis and Laushey (1949) and the data of
Hjulstrom (1935) did not compare to either of the other two curves.
Because of the inconsistencies in the data for incipient velocities,

































parameter for comparing incipient motion rather than incipient veloc-
ity.
Using equation (4) for drag coefficient derived by Eagleson and
Dean (8) and modified to account for a horizontal bed we have
C
D
= f *£ (g
5
- - 1) tan * (30)
which has been verified experimentally in oscillatory flow. The drag
coefficients for the incipient motion experiments on the bed away
from the pile were calculated using equation (30), tabulated in Table
5, and plotted in Fig. 19 to compare with the results obtained by
Eagleson and Dean (8). Referring to Fig. 19 it is apparent that very
little correlation exists between the data. The data from Eagleson
and Dean are for spheres of various size having specific gravities
from 1.19 to 7.0. The authors also used a parameter of — where K was
K
the mean diameter of the bed material. The average — value for the
Eagleson and Dean data is 3.85. Although there is very little corre-
lation of the data for C , it can be said that for a uniform graded
sand in oscillatory flow the incipient C_ value is considerably less
than that predicted by equation (30) and substantially less than that
predicted by the fall velocity experiments.
SCOUR
The dimensionless parameters developed in Chapter IV for scour
were calculated and their interdependency was studied by plotting the
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Su Hparameter — is plotted against the wave steepness —r for various
H *
T
values of relative steepness — . No conclusive relationship can be
drawn from a study of the plot. However, it is felt that as the wave
steepness increases from a point of incipient motion the relative
ultimate significant scour depth increases until a point is reached
where for further increases in wave steepness a rapid decrease in
scour depth occurs. The rapid decrease in scour depth is associated
with the phenomena of ripple formation. It is conjectured that after
the ripple formation becomes stable or well defined there will be no
further significant increase or decrease in scour depth for further
increases in wave steepness.
Referring to Fig. 21 it can be seen that the relative ultimate
significant scour depth is a function of relative d^pth and bed
particle size. As the relative depth decreases for each bed particle
size the relative scour depth increases slowly at first until a rel-
-3
ative depth of approximately 1.5 x 10 is reached where the relative
scour depth increases rapidly for decreases in bed particle size.
Figs. 22 and 23 show the functional relationship between the
relative ultimate significant scour depth and the sediment number, N
,
and pile Reynolds number, N_ , respectively. The incipient values of
N and N for each of the sands were calculated and included on Figs.
22 and 23 to show that the curves actually have a rapid initial in-
crease in —. The functional relationship appears to be similar in
ri
both cases in that relative scour depth increases very rapidly from the
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Any further increase in N or N„_ results in a rapid decrease in
' s RP
ultimate scour depth reaching a point where the relative ultimate
significant scour depth becomes independent of N and N but not of
bed particle size. It is unknown why the No. 2 sand which has a
smaller mean diameter than the No. 1 sand has the maximum ultimate
scour depth and also levels off at a higher relative scour depth than
the No. 1 sand. One possible answer could be as was pointed out by
Roper, Schneider, and Shear (20) that when the bed particle size is
less than 0.52 millimeter, the scour depth is independent of the bed
particle size.
Figs. 24 through 29 show the relationship between the relative
significant scour depth and the parameter t/T which is the number of
§
waves. The parameter — for each of the three sands is plotted versus
ri
the number of waves for a particular experimental wave so as to com-
pare the relative significant scour for the three sands. The majority
of the curves have a characteristic initial rapid increase in the
relatively significant scour depth. Most of the curves reach their
apppoximate ultimate condition after 2000 waves. Also the majority
of curves reach characteristic plateaus where the scour activity is
dormant for a period of time and then it starts to increase again.
For the runs where ripple activity was dominant (Fig. 26 and 29), the
curves seem to reach a peak value rapidly followed by a decrease in
relative scour depth for further increases in number of waves and
then finally level off at the ultimate scour depth.
















































































































































relative significant scour followed by Sands No. 2 and 3. However,
this is not always the case and the reasons for it are unexplainable
except for the reason pointed out by Roper, Schneider and Shen„ For




For all the runs associated with wave No. 1 and especially those
at the 8" depth, the initial scour action was concentrated around the
front half of the pile periphery where the sand was scoured away and
two relative deep scour holes formed at the rear of the pile approxi-
mately 1 to 2 inches from the pile and 30 to 40 from the normal
to the wave direction. The two scour holes appear to be associated
with the eddies being shed from the pile more so at the 8 inch depth.
As the eddies were shed randomly from the pile slugs of sand could be
observed being scoured away, more so with the smaller size sand than
with the courser sand.
The general scour pattern was one of concentrated local scour
around the pile with ripple formations progressing in the direction
of wave propagation. The ripples were fairly irregular and in some
cases were out of phase with each other. The wave length of the
ripples was approximately 2-1/2 to 3 inches long and the shape of the
ripples was similar to the shape of the wave in that the ripples had
steep slopes on the down wave side and gentle slopes on the up wave
side* The initial ripple in each of the scour patterns is formed by
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the scour holes caused by the eddies. The eddy scour holes, after
formation converge rapidly and form a front which starts the ripple
activity. The rapidity of the formation of the ripples is dependent
on the water depth, the wave characteristics and the sand size. The
scour pattern was fairly symmetrical in all cases for wave No. 1.
The scour patterns resulting from wave No. 2 are fairly consistent
in appearance in that the initial scour under the influence of eddy
forces caused large elliptical holes to form on either side of the pile
with some scouring around the periphery of the pile. As with wave No.
1, eddy scour holes are formed behind the pile at approximately 40
from the normal to the wave propagation. Ripple activity starts
relatively soon into the runs and due to the symmetry of the wave the
ripples propagate in both directions away from the pile. The average
wave length of the ripple patterns is 2 inches and the ripples are
fairly parallel.
The scour patterns created by wave No. 3 are ones of total ripple
formation having average ripple wave lengths of 2-3/4 inches at the
15 inch depth and 3-1/4 inch for the 8 inch depth. The initial scour
is concentrated at the sides of the pile with the typical eddy scour
holes forming as before, however, because of the steepness of wave
No. 3 eddies do not seem to be of as much influence as with the
previous experimental waves. Very little eddy shedding was observed.
The ripple patterns form very rapidly consisting of a narrow band of
ripples behind the pile and extending to the lower boundary of the
sand after the 400th wave. Continued wave motion causes the ripple
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pattern to expand outwards to cover the whole bed but little change in
ultimate scour depth occurs. The pattern is fairly symmetrical in all
cases with the ripples being parallel to each other.
Generally it can be said that the scour resulting is strongly in-
fluenced by the pile and the wave characteristics. In most of the runs
very little to no bed movement could be observed away from the pile.
The pile served as a catalyst to start the scour activity and once
started around the pile it spread over a large area and extended
in some cases great distances from the pile.
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FIG. 30. SCOUR PATTERN WAVE NO. 1, 8 INCH DEPTH, SAND NO. 3
FIG. 31. SCOUR PATTERN WAVE NO. 1, 8 INCH DEPTH, SAND NO. 3
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FIG. 32. SCOUR PATTERN WAVE NO. 1, 8 INCH DEPTH, SAND NO. 2
FIG. 33. SCOUR PATTERN WAVE NO. 2, 8 INCH DEPTH, SAND NO. 2
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FIG. 34. SCOUR PATTERN WAVE NO. 2, 15 INCH DEPTH, SAND NO. 2





1. The critical velocity necessary to cause incipient motion in
oscillatory flow appears to be lower than that for steady state flow.
2. The ratio of the maximum velocity on the pile boundary and
the initial free stream velocity is much less than the value of 2.0
for potential flow theory.
3. Incipient motion on the pile boundary appears to be indepen-
dent of t and directly dependent on the parameters —r and r-.h
gT
2 h
A. The drag coefficient for incipient motion of uniformly graded
sands is much less than that predicted by Eagleson and Dean curve
(Fig. 19).
5. — appears to be directly related to the sediment number N
and the pile Reynolds Number N .
6. A maximum of only 6000 waves are required to reach an ulti-
mate scour depth and in most cases 3000 waves are sufficient.
7. The relative ultimate significant scour depth increases very
rapidly at first reaching three-fourths of its ultimate depth in the
first 1000 waves and increases more slowly after that until it reaches
its ultimate depth.
8. Eddy forces although initially influencing the scour patterns
do not appear to be of significance in the final scour pattern.
9. The scour pattern resulting is primarily influenced by the
pile and the wave characteristics.
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10. In all the scour experiments the pile acted as a catalyst
causing scour of the bed particles to be initiated whereas if the
pile was not present little to no scour would have resulted.
To try and predict scour depths for a prototype case or relate
these unconclusive results to a prototype would be presumptuous. To
predict happenings or occurrences of a phenomenon in a prototype
requires that there be similitude, both geometric and dynamic, be-
tween the model and prototype. This requires that similitude exists
between the orbital velocities and orbital lengths (i.e= wave charac-
teristics are similar), grain size and grain size distribution in the
bed, roughness of the beds, and translation of the orbit due to drift.
Without these similitudes, erroneous conclusions could be reached in
attempting to predict prototype conditions. The difficulties in
acquiring similitude between prototype and model were pointed out by
Posey and Sybert (18) in their studies of scour around piles on off-
shore platforms. It required several years of study and experimenta-
tion before actual prototype conditions were duplicated in the model.
However, from the experiments conducted on scour it is felt that
certain conjectures on prototype conditions can be made. The maximum
scour measured in the experiments was approximately one pile diameter.
It therefore is conjectured that the maximum scour observable in a
prototype would be approximately equal to one pile diameter, which for
a typical offshore pile of 4 to 6 ft would be approximately 5 ft.
Kreig (13) has reported observed scour depths on offshore platforms
in the Gulf of Mexico of 8 to 10 ft and Posey and Sybert (18) measured
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maximum scour depths of 13 ft with average scour depths of 8 to 10 ft
for offshore platforms in fine sands off Padre Island, Texas. The
average pile diameter associated with the scour measurements made by
Posey and Sybert (18) was approximately 3 ft and there was a fairly
significant littoral current present. It is important to note from
the above discussion that exact similitude is very important. With-
out every condition duplicated between model and prototype (i.e. the
littoral current) erroneous results will be had. The scour patterns
for the Padre Island platforms had a dish or saucer appearance, that
was much larger in shape than the platform. Scour patterns such as
these would not normally be expected.
The conclusion that the scour is very rapid at first and decreases
thereafter has been verified by Posey and Sybert (18) who observed that
the scour rate is high during the first year or two, and decreases
thereafter.
The scour patterns observed in the experiments will be of little
use for normal prototype conditions. However they might give some
insight into prototype patterns caused by storms where the wave
direction is unidirectional.
RECOMMENDATIONS FOR FURTHER RESEARCH
1. Further experimentation on ultimate scour depth should be
conducted using different size sands and other non-cohesive materials.
The experiments should include data in the area near the incipient
motion point and in the area toward the breaking limit to better
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define those parts of the ultimate scour curve.
2. Experimentation on scour should also be conducted using co-
hesive materials as the bed particles.
3. The pile diameter should be varied to ascertain its effect on
the ultimate scour.
4. Continued studies on incipient motion associated with a
circular pile would be worthwhile especially in determining the in-
fluence on the velocity ratio and ascertain the actual value.
5. Scour studies associated with circular pile should be con-
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Run h (ft) T (sec) H (ft) L (ft)
1 1.25 1.155 .14 5.98
2 1.25 1.957 .185 11.79
3 1.25 .937 .23 4.40
3A 1.25 1.168 .255 6.18
4 1.25 1.0 .22 4.87
4A 1.25 1.2 .23 6.38
5 1.25 1.0 .19 4.84
6 .666 .8575 .12 3.31
7 .666 .889 .095 3.44
8 .666 .726 .12 2.57
9 .666 .75 .13 2.72
9A .666 .9 .155 3.57
10 .666 .759 .13 2.77




















1.25 .91 .22 4.17
1.25 1.041 .155 5.12
1.25 .938 .205 4.38
1.25 1.22 .215 6.51
1.25 .941 .25 4.45
1.25 1.11 .305 5.79
1.25 .923 .24 4.28
1.25 1.2 .25 6,40
.666 .75 .13 2.72
.666 .857 .165 3.35
.666 .77 .13 2.83
.666 1.0 .15 4.10
.666 .75 ,125 2.71
.666 .762 .13 2.78


















1.25 1.06 .17 5*28
1.25 .947 .195 4.44
1.25 1.333 .19 7.32
1.25 .889 .22 3.93
1.25 .889 .225 4.01
1.25 1.0 .22 4,87
1.25 0.9 .225 4.1
.666 .714 .115 2.50
.666 .733 .1125 2.61
.666 .866 .18 3.42
.666 .769 .14 2.83
.666 .909 .175 3.64








No. H (ft) T (sec) L (ft)
1 1 1.25 1 .15 3.83 24,7
2 1 1.25 2 .18 3.05 19.37
3 1 1.25 3 .26 1.835 11.05
4 1 .666 1 .185 3.8 19,62
5 1 .666 2 .14 3.0 14.85
6 1 .666 3 .225 1.857 9,24
7 2 1.25 1 .16 3.8 24,58
8 2 1.25 2 .185 3.08 19.70
9 2 1.25 3 .30 1.75 10.56
10 2 .666 1 .19 3.83 20.30
11 2 .666 2 .13 3.08 15.14
12 2 .666 3 .22 1.835 9.07
13 3 1,25 1 .17 3.857 24.95
14 3 1.25 2 .195 3.0 19.19
15 3 1.25 3 .27 1.833 11.06
16 3 .666 1 .19 3.8 20.12
17 3 .666 2 .13 3,08 15.14




Wave No . 1 Sand No- 1
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Wave No . 2 Sand No, 1
Degree /
No. of /Distance Depth of S S
































































Wave No . 2































6050 90/0.0 .080 .080 .444
6400 95/0.0 .080 .080 .444

90
Wave No . 3















































































Sand No, 1Wave No
.
3










































Wave No. 1 Sand No. i
Degree /
No. of / Distance Depth of S S
waves / from pile scour (ft) (ft)
0/0.0 .020
210/2.0 .035






































































































































































3600 30/0,.0 ,030 .040 .286
225/1,.5 ,040
120/3, , 5 .040
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Run No, , 6
Wave No . 3 Sand No. 1
Degree /
No. of / Distance Depth of S S




















































































































































Wave No . 2












































































Wave No. 3 Sand No. 2
Degree I
No. of / Distance Depth of S S

































































































Wave No. 1 Sand No. 2
Degree /
No. of / Distance Depth of S S

































































































































































































































































































































Wave No. 2 Sand No. 3
Degree /
No. of / Distance Depth of S S
















































































/ Distance Depth of S S














Wave No . 3 Sand No. 3
Degree /
No. of / Distance Depth of S S






















































































































































































Run No. 16 (Continued)
Wave No. 1 Sand No„ 3
Degree /
No, of / Distance Depth of S S


































































































































































































































































APPENDIX II. - SCOUR PATTERNS
The scour pattern drawings are presented only to give an indica-
tion of the possible resulting scour for a particular wave. The
numbers shown on the drawings are the measured scour depths times
-3
10 taken at the completion of the experimental run. The contour
patterns shown are based on observations during the run and engineer-
ing judgement and should not be construed to be the exact contour















FIG. 36. SCOUR PATTERN FOR WAVE NO I
SAND NO. I
,
AND 1.25 FT. DEPTH
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FIG. 37. SCOUR PATTERN FOR WAVE NO 2













C ON T INCUS RIPPLE
PATTERN
i
FIG. 38. SCOUR PATTERN FOR WAVE NO. 3




FIG. 39. SCOUR PATTERN FOR WAVE NO




FIG. 40. SCOUR PATTERN FOR WAVE NO. 2.
,
SAND NO. I, AND 0.6S6 FT. DEPTH
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FIG. 41. SCOUR PATTERN
SAND NO. I, AND 0.666 FT.






FIG. 42. SCOUR PATTERN FOR WAVE NO
SAND NO. 2
,




FIG. 43. SCOUR PATTERN FOR WAVE NO. 2,
SANO NO. 2
,
AND 1.25 FT. DEPTH
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FIG. 44. SCOUR PATTERN FOR WAVE NO. 3,
SAND NO. 2
,
AND 1.25 FT. DEPTH
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4 LARGE IRREGULAR TROUGH OF
f AVERAGE DEPTH 1.3 INCHES
I.I FEET FROM PILE
LEVEL LEVEL
FIG. 45. SCOUR PATTERN FOR WAVE NO. I
SAND NO. 2
,













FIG. 46. SCOUR PATTERN FOR WAVE NO. 2,
SAND NO. 2 , AND 0.686 FT. DEPTH
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CONTINOUS REGULAR RIPPLE PATTERN i
LEVEL
FIG. 47. SCOUR PATTERN FOR WAVE NO. 3
SAND NO. 2
,
AND 0.666 FT. DEPTH
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FIG. 48. SCOUR PATTERN FOR WAVE NO. I,





FIG. 49. SCOUR PATTERN FOR WAVE NO. 2
,






FIG. 50. SCOUR PATTERN FOR WAVE NO. 3,
SAND NO. 3
S























FIG. 52. SCOUR PATTERN FOR WAVE NO. 2
,
SAND NO. 3, AND 0.666 FT. DEPTH

133
RIPPLE PATTERN CO?JTIMUES A
FIG. 53. SCOUR PATTERN FOR WAVE NO. 3,
SAND NO. 3, AND 0.666 FT. DEPTH

APPENDIX III. - LIST OF SYMBOLS
134
Symbol Quantity Units



















d Mean grain diameter 50% finer ft














h Force due to drag lb
F
L
Force due to lift lb
F
g
Force due to gravity lb
F Total hydrodynamic fo rce lb
g Acceleration of gravi ty ft/sec
h Still water depth ft


























N Number of waves -
S
u
Ultimate significant scour depth ft
















Distance from bottom to water
particle under consideration
Specific gravity of water
Specific gravity of sand
Wave period
Elapse time
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